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INTRODUCTION 
Upon relocation of the Brookings landfill to an 
inactive gravel pit site in the spring of 1960, an 
evaluation of the effects of the landfill on the ground 
water quality was initiated by the city of Brookings, 
1 
South Dakota. These investigations consisted of the 
installation of eleven wells which were sampled at specified 
intervals by personnel from the City Engineer's office . 
These samples were sent to the South Dakota Department of 
Health· at Pierre, South Dakota for analysis . 
In 1964 the Civil Engineering Department at South 
Dakota State University in conjunction with the city of 
Brookings undertook a comprehensive study of the landfill 
area. The initial study was conducted and reported by 
McCormick (1). The purpose of his investigation was to 
determine the best parameters for indices of pollution . 
This was accomplished by laboratory analyses of water 
samples taken from the immediate area of the landfill . 
McCormick concluded -that the. most useful parameters for 
detecting contamination from the Brookings landfill were 
chlorides, sodium, and specific conductance . His study also 
indicated that the ground water in the immediate vicinity 
of and in direct contact with.a refuse dump can become 
grossly polluted and that the pohd located directly · 
downstream from the dump area was important in reducing 
hardness and alkalinity (1-47). 
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A study of ground water quality variation and the areal 
extent of ground water degradation was undertaken by 
Sawinski (2) in 1965. The results of his study indicated 
that seasonal rainfall intensified the leaching of materials 
from the landfill. Increased ionic concentrations during 
these periods implied that the effects of leaching overrode 
those which could be attributed to dilution, and the high 
ionic concentrations traveled in a narrow band as far as 
1000 feet from the landfill disposal area (2-68). 
In 1967 Cason (3) conducted an investigation to 
determine if ground water from a landfill area could be 
beneficially used for a domestic water supply and for 
irrigation. He used the United States Public Health Service 
drinking water standards as a measure of the suitability of 
the water for use as a- drinking water supply. Cason denoted 
that the water in the immediate- fill area of the Brookings 
landfill could riot be disclaimed as a drinking ·water supply . 
but was of debatable ·quality. for this use. However, it 
appeared that as the water moved downstream from ·the land­
fill the quality improved and by the time it left the area 
it was suitable for use as a domestic water supply. Cason 
also indicated that the ground. water in the immediate 
vicinity of the landfill was o:f s·atis:factory quality ':for 
irrigational purposes (3·-49). 
Inasmuch as both McCormick and Sawinski found that the 
pond seemed to improve the quality of the degraded ground 
water, a man-made trench was constructed to intercept the 
ground water as it moved from the fill area. Hendrickson 
(4) made a preliminary evaluation of the ground water 
quality as being affected by the trench. His studies 
indicated that the quality of the ground water appeared 
to be improved as it left.the fill area. He attributed 
this to dilution and mixing which occurred in the trench 
( 4-45). 
The objectives of the research presented herein were 
to continue the previous studies and to evaluate the 
treatment effects of the intercepting trench. This in­
vestigation afforded sufficient time after the construction 
of the trench for the entire landfill area to reflect the 
influence of the trench. In conducting this investigation, 
the direction of the ground water flow was defined and 
various chemical analyses of the ground water were made 
to attain these objectives. 
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LITERATURE REVIEW 
Water treatment, sewage collection and disposal, and 
refuse collection and disposal are three communal services 
whose control is essential to life and health of a commu­
nity. The quantity and quality of sewage and water have 
been determined but those of refuse are lmown only par­
tially. It is currently estimated that the nation's 
annual output of' refuse is about 250 billion pounds (about 
one billion cubic yards) and annually costs the people of 
the Uni.ted States approximately two and one-half billion 
dollars for its collection and disposal (5-17). 
With the disposal of large quantities of solid wastes, 
primarily utilizing land methods, the potential pollutional 
hazard to the nearby ground water can be easily perceived. 
The presen·t knowledge of the degree of danger to the ground 
water an_d the degree o_f concern that has been given to the 
solid waste problem is relatively small and more research 
in this area is d_esired '( 6-457). 
Definition of Solid Wastes 
4 
There are a variety of waste materials which come under 
the heading of solid waste.s. The term commonly applied to 
solid wastes is refuse. A short definition of refuse 
which is generally accepted is, "All of the solid wastes of 
a community including those semi-liquid or wet wastes whose 
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moisture content is insufficient to make the material free­
flowing." For purposes of more specific definition and for 
engineering and legal understandings refuse is usually 
subdivided into garbage, rubbish, ashes, and special wastes. 
These are defined as follows (5-18): 
Garbage - putrescible wastes derived from the prepar­
ation, cooking, serving, handling, storage, and sale 
of foods. 
Rubbish - non-putrescible wastes which are combustible 
and/or non-combustible normally produced by a community. 
Ashes - residue, including cinders and fly ash, 
produced from burning solid fuels and on-site 
incineration. 
Special Wastes - All those solid wastes not specifically 
defined above. These may include: old automobiles, 
Christmas trees, tires, pathological wastes from 
hospitals, and other miscellaneous materials. 
Circumstances of Ground Water Pollution at a Landfill 
All solid wastes are potential pollutant·s of the ground 
water. There are three basic conditions which must prevail 
in order for abasement of the quality of the ground water 
from refuse fills to occur_. These conditions are: (a) the 
refuse fill must be located over, adjacent to, or in an 
aquifer; (b) the landfill must be supersaturated with 
moisture from percolation of precipitation and surface 
runoff, water of decomposition, and/or from an artificial 
source; and (c) leached fluids must be produced and this 
leachate must enter an aquifer (7-105). 
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The amount of water which enters the refuse fill from 
the surface will be governed by the rate of water applica­
tion, the nature of the refuse cover, and climatic 
conditions. The principal modes or processes involved in 
the introduction of undesirable substances into the ground 
water are considered to be infiltration and percolation, 
refuse decomposition, gas production and movement, leaching, 
and ground water travel (8-95). 
Water applied to the surface of a refuse fill may have 
an effect on the rate of decomposition of the refuse and may 
result in the transport of soluble materials leached from 
the refuse down to the ground water (8-5). The freshly 
deposited refuse containing organic and inorganic substances 
can be leached immediately by vertically or horizontally 
percolating water. However, as decomposition proceeds under 
continuous or- frequent leaching, more materi�ls are liber- . 
ated from the refuse · and the. rate of this decomposition 
will control the rate at which polluting substances are 
extracted from the fill (8-33). 
The decomposition of the organic constituents in refuse 
is carried out by the action of bacteria and other 
microorganisms, both aerobically and anaerobically. 'If 
sufficient oxygen is available, the aerobic bacteria break­
down the organic matter to produce carbon dioxide, water, 
and ammonia. If the carbon, hydrogen, oxygen and nitrogen 
of organic matter is represented as CHON, the aerobic 
reaction proceeds as shown (9-5. 10): 
CHON + 02 � CO2 + H20 + NH3 
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Anaerobic organisms breakdown the organic constituents 
of refuse to produce end _products of carbon dioxide, methane, 
ammonia, and hydrogen sulfide. This can be represented as: 
CHON + H20 � CO2 • CJ¼ + NH3 ( + H2S) 
The actual composi ti.on of the gases in the refuse fill 
depend upon the relative quantities of various organic 
substances, as well as the rate of decomposition and the 
rate at which each component is diffused outward (9-5. 10). 
It should be noted that methane and carbon dioxide are the 
major gases produced from anaerobic decomposition of organic 
refuse. 
The mineral substances contained in the refuse have 
varying degrees of solubility, varying from_ne.arly insoluble 
earth and rubble· to -the reaqily soluble salts, such as 
chlorides and sulfates. The ·superficial soluble substances 
can be leached at any time but the internally held salts 
will escape by slow diffusion or they may be released when 
their organic containers decompose (8-33). 
Carbon dioxide is the �ost i�portant gaseous product. 
of refuse decomposition·. It is very soluble in water and 
thereby forms a weak acid capable of dissolving calcium 
carbonate and other minerals which are relatively insoluble 
in pure water (8-47). This process is generally known as 
mineralization and can be expressed as (9-5.14): 
CO2 + H20 = H(HC03) 
nH ( Hco3) + (Cation) +
n �Cation ( Hco3 )n + nH
+ 
For the most part, the salts of calcium and magnesium 
continue to be susceptible to the dissolving action of 
carbonic acid until the water becomes saturated with these 
salts. Also refuse contains other impurities such as 
sulfates, chlorid.es, silicates, etc. and these materials 
may be exposed to the solvent action of the water and may 
be released to solution (9-5.14). 
Leaching may be visualized as a special case of 
extraction of substances adsorbed onto solid particles. 
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If the extracting liquid is allowed to be in contact with 
partially saturated adsorbent, the adsorbent will go into 
the liquid until equilibrium prevails. The transfer of 
soluble, non-volatile substances from refuse ·to· the ground 
water is accomplished by this means. This process may 
proceed to the almost complete extraction of soluble matter 
in either small or large volumes of water depending upon· 
the accessibility of the soluble matter and how rapidly it 
is created by decomposition processes (8-68). 
It is generally accepted by m_ost investigators that 
pollution travels farthest in the direction of ground water 
flow, and that chemical pollutants travel further than 
bacteria in a water bearing stratum (10-19). Therefore, 
a basic understanding of the natural paths and rates of 
ground water movement is the starting point for evaluating 
problems of ground water contamination (11-R167). Also an 
accurate knowledge of the distribution of the concentration 
of pollutants in the ground water flow system is an 
essential element in the determination of the extent to 
which refuse fills degrade the water quality (12-1). 
Theoretical Aspects of Ground Water Flow 
Ground water. in its natural state is invariably moving 
and it flows in accordance with the laws of laminar (or 
9 
streamline) flow. Thus, movement is predicted by established 
hydraulic principles (13-44). The flow occurs from levels 
of higher energy to levels of lower energy, whereby the 
energy is essentially the result of elevation and pressure 
differences (14-156). · 
The movement of ground water is described by Darcy's 
Law for saturated flow as shown: 
Where "V" is the velocity of flow, "h1 - h2" denotes the 
difference of hydrostatic·head, " l" is the distance along 
the path of movement, and "K'' refers to the coefficient of 
permeability or the hydraulic conductivity of the aquifer 
(15-21). Although Darcy's Law holds at every point within 
a saturated porous medium, the flow pattern in a given 
system is determined by the shape of the impervious 
boundaries; the location, extent, and magnitude of the 
sources and sinks; and the conductivity or permeability of 
the medium throughout its volume. Natural ground water 
systems are frequently very complicated and it would be 
10 
impractical to make sufficient determinations of the per­
meability to characterize .a region with any detail. The 
direction and speed of ground water movement does not change 
rapidly because of the huge volumes of water involved. The 
velocity tends to remain relatively constant at any one 
location unless there are important local changes (8-81). 
The movement of ground water in the zone of saturation 
ordinarily has a large horizontal component in the direction 
of decreasing head. However, the flow is seldom uniform in 
direction and velocity because it follows the stratified 
courses of the more permeable materials or flows around 
masses of impervious materials. Essentially, ground water 
follows the path of least resistance and moves in greater 
volumes through those sections which have the higher 
permeability (15�20). 
The flow of-ground water -is three-dimensional. This 
has been demonstrated by introducing a tracer at a point 
into the flow through a porous media. It disperses both 
longitudinally and laterally -as it travels downstream. 
Dispersion is a hydrodynamic phenomenon resulting from 
minute variations in velocity which are inherent in laminar 
11 
flow and diffusion. The longitudinal dispersion is usually 
several times the lateral. The tracer appears as an 
expanding ellipsoid as it moves down stream (16-13. 12). 
Ground Water Movement in Relation to Contours 
Hydraulic gradients and the direction of ground water 
movement are commonly portrayed on two-dimensional maps. 
The elevation of the water table, under steady state 
conditions, at any one point on the water surface equals 
the energy head (13-66). 
A.contour map can be constructed using field measure­
ments.of the elevation of the ground water surface and 
plotting these data on a plan view as illustrated in Figure 
1. The subsurface flow is perpendicular to the contour 
56. 2 
_goo 
Ground Water 
Contours 
54. 7 
Figure 1. Estimate of ground water contours 
and flow direction from water table elevations · 
in three wells (13-66) . 
12 
lines, theref'ore, the contour map indicates the direction 
of flow. The hydraulic gradient of the ground water or the 
headless which occurs as the ground water moves through an 
area can be determined from the contour lines. The f'low of' 
subsurf'ace water moves downgradient or in the direction of 
headloss (17-170). 
Since the velocity of water movement is relatively 
constant within an aquifer, the contour lines may be 
indicative of the permeability according to Darcy's Law. 
Commonly, a steepening of the water gradient, as shown by 
the constriction of the contour spacing, indicates a 
decrea.sing permeability and a widening of the contour 
spacing may be indicative of an increasing permeability. 
However, if the permeability of an area is constant, the 
spacing of contour lines will indicate the relative velocity 
of the ground water movement. In this instance of' constant 
permeability an increasing gradient or headless may indicate 
an increasing velocity, whereas, a decreasing velocity may 
be shown by a decreasing hydraulic gradient (13-68, 15-22). 
When constructing a ground water map of the contours 
and flow lines of a surface water which inte�sects the 
phreatic ·surface� the flow lines will intersect normal to 
the water surfac·e. This may be attributed to the surf'ace 
water and the ground surface being permeable boundaries 
and to the energy head which is constant everywhere within 
the body of water and equals the elevation of' the surface 
( 13-68). 
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Fluctuations of Ground Water Elevation 
The ground water level is never constant, even in 
regions where it is not directly under the influence of 
surface water-courses which are subject to frequent changes 
in stage. Most water level changes in wells can be classed 
within four basic types: (a) fluctuations due to change in 
ground water storage; (b) fluctuations caused by changes in 
atmospheric pressure in contact with water surfaces in 
wells; (c) fluctuations caused by deformation of aquifers; 
and (d) fluctuations caused by disturbances within the 
wells ·( 14-56) . 
Changes in storage account for most large changes of 
water surface elevation. Natural changes of storage, such 
as secular variations which extend over a period of years, 
are usually gradual and are caused by alternating periods 
of wet and dry years. However, the correlation between 
rainfall and the phreatic surface elevation is imperfect 
because differences in rainfall intensity and _distribution 
produce different amounts of �echarge from the same total 
annual rain.fall. The - variations in gro'und water levels 
vary during the year in a fairly regular manner and are 
related to the stage of t�e nearest watercourse ( 16-13. 33, 
17-171) . 
Diurnal fluctuations in storage are frequently ex­
hibited by ground water tables which are near the ground 
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surface. These changes result from evaporation and/or 
transpiration. Both processes release ground water to 
the atmosphere and are highly correlated with tempera­
ture. However, the effect of evaporation is usually 
negligible unless the capillary zone above the zone of 
saturation approaches the ground surface (16-13. 35). 
Rapid variations in phreatic surface elevations 
through vertical distances of several feet are primarily 
in response to pumping from storage. These variations 
can be either of short or long duration depending upon 
the length of pumping time (14-56). 
Water level fluctuations are also caused by changes 
of atmospheric pressures. A gust of wind over the mouth 
of a well will cause a short-term fluctuation. A baro­
metric change may cause a change in water elevation of 
greater duration for confined aquifers (14-56). 
Another source of water elevation changes in a well 
is the deformation of the aquifer. These fluctuations 
can be the result of different loadings on the aquifer, 
such as trains, ·explosions, . earthquakes, and other 
sources of temporary stress. · However, non-periodic dis­
turbances of low magnitude within a well may be attributed 
to a leaky pipe or animals burrowing into the well (14-56). 
14 
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Travel of Pollution in Ground Water 
Movement of contaminants from many waste sites into 
the subsurface water system results in contaminated zones 
or enclaves in the zone of saturation. In an attempt to 
estimate the effect of these wastes upon the ground water, 
not only the natural dilution available but also the effects 
of the soil upon the quality of water passing through it 
must be considered . It is· very difficult to estimate the 
areal extent of a contaminated zone because of the multi­
plicity of factors that require deliberation. Some of the 
factors· which cause this difficulty are: the great variety 
of waste materials; the wide range of toxicity and adverse 
effects of the wastes; the behavior for each contaminant 
differs in the soil, water, and rock environment; the 
hydrologic and geologic conditions change; and the time 
factor involved in the hydrologic changes (18-83, 19-19). 
Unless there is appreciable attenuation, a contaminant 
could conceivably pass through the land surface, down 
through the zone of aeration to the zone of saturation 
after which it may be· discharged into a watercourse and 
subsequently discharged into the sea. Very seldom does a 
contaminant persist through the sequence of travel just 
described, and often one or more parts of the sequence are 
short circuited (18-84). 
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When percolating waters reach the ground water they 
may be diluted measurably under certain circumstances .  The 
tendency for contaminants to be dispersed in ground water, 
both horizontally and vertically, is commonly recognized, 
but the actual concentration of the diluted pollutants at 
specific points in the flow system of the ground water is 
not easily predetermined (11-Rl69) . 
There is a tendency ·for many contaminants to be retained 
on the earth materials by physical and chemical sorption. 
The actual amount that will be retained is dependent upon 
the character of the contamination, . the host water, and 
the earth material. Rocks which are dense and impermeable 
or whose permeability is confined to linear openings, such 
as joints, tend to have poor sorptive capacities. Generally, 
clays have a greater sorptive capacity than sands and 
therefore, exemplify the inverse relationship between 
factors of sorption and permeability. Therefore, materials 
with the best sorptive characteristics are relatively 
impermeable (11-R169). 
Certain substances will. pass through the soil without 
change or with minute physical·, chemical, or biochemical 
change, whereas, other substances will be removed or altered 
markedly. The alternation of the pollutants is produced by 
a number of phenomena, including: oxidation and reduction, 
adsorption or desorption, ion exchange, precipitation or 
dissolution, aerobic or anaerobic decomposition, and 
antibiosis or symbiosis. Sometimes the reaction products 
of decomposition may be more deleterious than the original 
compounds (19-23). 
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Available information indicates that coliform organisms 
are effectively removed from percolating waste water by the 
filtering action of the soil. With dissolved chemicals this 
is not the case (7-108). · An extensive investigation for the 
California State Water Pollution Control Board (10) of the 
travel of pollution, where the ground water was recharged 
by sewage injected into wells, showed that the maximum 
distance of travel of bacteria was about 100 feet. Whereas, 
chemical changes were noted as far as 225 feet from the 
source and in some cases even further (10-162). One of the 
reasons for the short distance of bacterial travel is that 
as particulate material in water deposits at the point of 
recharge, it forms a filtering substratum that tends to 
retain the bacteria. Bacteri� are also removed by adsorption 
on the soil particles. The b�cteria are dependent upon pH, 
temperature, moisture-and salt content of the soil for 
their survival. However, most organisms die rapidly in 
ground water because of tqe unfavorable environment 
(20-41). 
The permeability of the earth material is another con­
sideration in the travel of pollution. Good permeability 
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of the ground surface has the advantages of easy infiltra­
tion of contaminated water, preventing surface contamination 
and runoff problems and leading to better opportunities for 
contaminants to decrease in the· soil of the zone of aeration . 
However, poor permeability of the soil is sometimes advan­
tageous because it retards movement of degraded water, 
resulting in additional opportunities for degradation 
(1 1-Rl79). 
From the above discussion it can be concluded that 
distance between the source of contamination and the point 
of water withdra�al is important in evaluating the 
possibilities of contamination at a specif'ic site . The 
reasons for this are: (a) dilution tends to increase with 
distance, (b) sorption tends to be more complete with 
increased distance, and (c) time of travel increases with 
distance, thereby causing decay or degradation to be more 
complete. Also the rate of flow is important because at 
a slow rate greater attenuation time is allowed for any 
possible �ontaminants (1 1-R179) . 
Effects of Surface Water on Water Quality 
An open body of water which intersects the ground 
water f'low from a source of contamination may improve the 
quality of water by physical� chemical, and biological means 
(19-20). The physical means of' improvement would include 
mixing, dispersion and pilution, and possibly sedimentation. 
The mixing action would be increased by the freedom of 
motion afforded by the unconfined pool and by convection 
currents within the pond. Complete vertical mixing is 
accomplished by the spring and fall overturns (21-29). 
The fall overturn is caused by the water temperature 
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in the upper layers of a body of water falling to four 
degrees Centigrade where water is the most dense. This 
heavy water sinks and the . warmer water below floats to the 
top where it is cooled. The action ceases once the entire 
body of water reaches four degrees Centigrade. Further 
cooling causes the water to become less dense and eventually 
the upper layers freeze at zero degrees Centigrade. The 
reverse action occurs during the spring turnover (21-29, 
22-3'73). 
Wind action causes the water to drift before it and 
to be at a higher level on the leeward side. The force of 
gravity causes a r�turn circulation and, therefore, the 
whole body of water is in rotation (21-29). 
In aq.dition, the infinite permeability or surrace 
water which inte�sects the ground water contributes to . . 
dilution and dispersion. Ground water rollows the path 
of least resistance, thereI'ore, the subsurrace water will 
be attracted to the surface water. A cylindrical pit 
which completely penetrates an aquifer would be expe9ted 
to collect flow from the width of the aquifer equal to 
twice the pit diameter (8-89). 
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The carbon cycle plays a prominent role in the chemical 
reduction of surface waters. In this process, algae and 
aquatic plants through photosynthesis transform the radiant. 
energy of the sun into latent e·nergy of an organic compound. 
Oxygen is a waste product of photosynthesis of green plants. 
Plants using the energy of the s1.mlight breakdown molecules 
of carbon dioxide and water, and, through a series of steps, 
recombine the parts to form sugars and liberate the excess 
oxygen as gas. This complicated process, of which only the 
initial and end products are known for certain, proceeds 
according to the basic formula below (21-21). 
6H20 + 6C02 = C6H1206 + 602 
Both plants and animals utilize this excess oxygen in 
their respiratory processes and oxygen is needed for the 
decomposition of organic matter. The oxidation of sugars 
or other carbohydrates produce energy in the form of heat" 
and work while carbon-dioxide and water are released. The 
carbon cycle is an endless cycle where the oxygen is 
supplied through. photosynthetic activity and.carbon dioxide -
is produced by the processes. or respiration and decomposi­
tion (21-21, 23-70). 
Both the rooted aquatic and microscopic algae use the 
carbon dioxide with a resulting depletion of carbon dioxide 
in solution. Calcium bicarbonate then becomes the source of 
carbon dioxide resulting in the precipitation of calcium 
carbonate according to the following reaction (23-63 ) .  
Ca (HC03 ) 2= CaC03 + H20 + CO2 
As a result of the forementioned reactions the calcium 
hardness , alkalinity ,  and carbon dioxide are reduced while 
the pH of the water is increased ( 23-70, 24-226) . 
Iron and manganese are slowly precipitated out of 
solution in surface water and this precipitation may be 
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caused by bacterial action in two ways : (a ) only the organic 
matter associated with iron is metaboli zed ,  leaving ferric 
hydroxide which is precipitated ,  and (b) iron is utilized 
by bacteria to a degree considerably exceeding their normal 
iron requirements (25-715) . 
Another method in which the iron concentration is 
lowered in surface water is by the precipitation of ferric 
hydroxide. When water con taining carbon dioxide comes in 
contact with iron in the ferrous form ; ferrous bicarbonate 
goes into solution. However, ferrous bicarbonate in 
solution can exist . only in water which is free of dissolved 
oxygen. In the case where oxygen is presen t in the surface 
water, the ferrous b·icarbonate is oxidized to insoluble 
ferric hydroxide and precipitated as illustrated by the 
following reaction (23-83 ) .  
4Fe (HC03 ) 2 -t- 2H20 -t- 02 = 4Fe ( OH)3 "" 8C03 
In addition iron may be precipitated in a reducing 
condition in the presence of sulfur compounds. The sulfur 
compounds are reduced in the bottom mud of a surface water 
where anaerobic conditions occur. Hydrogen sulfide gas is 
formed which may combine with iron to form ferrous sulfide 
which will precipitate ( 25-786 ) .  
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EXPERIMENTAL APPROACH 
The investigation was approached with the results of 
the previous studies as a guide-. The previous studies and 
this study concerning the quality of the ground water in and 
around the Brookings landfill provide many years of valuable 
data. In addition to monitoring the water quality, this 
investigation delineated ·the ground water flow more 
accurately and related this flow to existing chemical 
concentrations. 
Site of Investigation 
The landfill site for Brookings, South Dakota is 
located two miles southeast of the city. It comprises a 
quarter section of land which was purchased in 1960 for the 
disposal of the city's refuse. Approximately fifteen acres 
of this tract was previously used as a gravel pit, and 
initially many of the pockets left from gravel excavation 
were used to dispose of _the refuse and then covered with 
earth. An excavation pit filled with water is located on 
the western edge _ of the active fill site and thi? pond 
intercepts part of the ground water flow from the fill area. 
On the southern edge of the fill area, a man-made trench was 
constructed in December 1966 -to intercept the maj or portion 
of the ground water from the landfill. This trench extends 
about 1100 feet along the edge of the disposal area and is 
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approximately fifty feet wide by fifteen feet deep. Also, 
due to recent gravel mining, a large pond is located directly 
south of the trench. This pond was dry during the fall of 
1967 and the winter of 1967-68 but after the spring thaw the 
ground water table rose so that about one-half foot of water 
was standing in the excavation. Figure 2 is an aerial 
photograph of the disposal site and Figure 3 is a view of 
the trench as it appears looking west. 
A soil survey of Brookings County (26 ) indicated that 
the soil present at the refuse disposal site consisted of 
loam and sandy loam, and this loam is underlain by an out­
wash of sand and gravel. This report indicated that the 
site is located on stream terraces and outwash plains of 
which the topography is relatively level. 
A more extensive survey of the disposal site was 
conducted by Jorgenson ( 27 )  in an attempt to more accurately 
define the geology_ of the landfill site and to obtain 
information concerning the shallow ground wate_r table. 
Jorgenson concluded the follo�ing ( 27 -8 ) :  
The outwash contains approximately 500 acre-feet of 
ground water in transient storage. The outwash is 
composed of thin discontinuous lenses composed of 
various proportions of gravel, sand, silt, ·and clay. 
The individual lenses have different permeabilities · 
ranging .from 2000 fee·t per day to less than a · foot 
per day. Velocity of water flow is dependent upon 
the permeability of the lenses; the velocities range 
from three .feet per day to less than a foot per day . 
A till deposit occurs beneath the outwash and 
although it is saturated and it is not impermeable 
it nevertheless can be considered as a hydraulic 
boundary for water in the outwash . 
Figure 2. Aerial view of the Brookings 
disposal area looking to the southwest , 
June, 1968. 
Figure 3. View of interc_epting trench 
at the Brookings refuse disposal area, 
June, 1968. 
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At the present time the method of operation of the 
refuse disposal site is of controlled refuse disposal 
rather than as a conventional sanitary landfill . The 
refuse is separated at the site by dumping in separate 
areas . The combustibles are burned to reduce the volume 
and then compacted and covered to alleviate some of the 
nuisances associated with an open dump. 
Description of Sampling Wells 
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The sampling wells generally consisted of various 
lengths of galvanized pipe of one and one-half inch 
diameter with a well point attached. The location of the 
sampling wells and the year of installation of the wells are 
shown in Figure 4 .  Wells 27, 29, and 31 are three inches 
in diameter and are equipped with recorders in order that 
the elevation of the phreatic surface can be monitored 
continually . Well 36 is a two foot diameter corrugated 
metal pipe located on the bank of the trench and also has 
a float r�corder that monitors the elevation 6.f the water 
surface in the trench and provides a means of sampling the 
trench . Some well points have been destroyed during the 
gravel excavation process and are not shown in Figure 4 .  
Sampling Procedure 
The samples we.re obtained from the well with a small 
centrifugal pump set at ground level. Duplicate samples 
were pumped into plastic quart bottles after purging the 
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well five to ten minutes to exclude any water that may have 
been standing in the pipe . The samples were then taken to 
the Sanitary Engineering Laboratory at South Dakota State 
University where chemical analyses were conducted within 
one day of collection. 
The samples were collected monthly from twelve selected 
wells and from the pond and trench. In addition, three 
seasonal sampling periods were conducted which encompassed 
the sampling of the wells located throughout the fill area 
and on _ the periphery of the site . The period of sampling 
extended through . the months of December 1967 to June 1968 . 
From March 23 to May 11, 1968 , a special sampling program 
was conducted during . which eight weekly sa�ples were col­
lected from selected locations . 
Water Tab·le Information 
The ph.reatic surface ele vations were determined by 
measuring the distance from the top of each well to the 
water surface . The elevation of the top of the wells 
was known and each we ll was anchored with concrete . The 
measurement was ·accomplished by using a calibrated rod 
which would complete an electrical circuit when it touched 
the water surface in the wells . 
The recorders mounted in selected wells provided a 
method of continuously monitoring the fluctuations o� the 
ground water elevation • . A standard rain guage was 
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installed at the landfill so fluctuations in water level 
as monitored by the recorders could be related to rainfall. 
The landfill operator recorded the precipitation each 
morning after a rainfall except during the winter months 
when no readings were taken. 
Parameters Used and Laboratory Procedures 
The parameters selected to determine the ground 
water quality and the influence of the trench on the 
quality of the ground water were specific conductance, 
chlorides, total hardness, alkalinity, and pH. They were 
chosen because of
° 
the recommendations presented by McCormick 
(1) in his study of the Brookings landfill and to provide 
a means of evaluating the water quality changes attributed 
to the trench and pond. 
Specific conductance is the measure of the ability or 
water to carry an electric current and is an indication of 
the ionic strength · of a solution which can be related to 
the total dissolved solids co�tent of the wate� . (28-275). 
This measurement .is a valuable· index in comparing ground 
waters, even though it does no.t indicate which ions are 
present . McCormick found that the specific conductance 
increased markedly in the active fill site and then 
decreased as the ground water traveled through the re­
maining area (1 -32) . 
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Chlorides were the most sensitive parameter of pollu­
tion as detected by McCormick (1-31) . The chloride ion is 
not adsorbed by soil formations, not altered by biological 
processes, and is easily measured, therefore, it is a 
reliable indicator of pollution from a refuse landfill. 
Chloride has been used as a tracer and one of its principal 
applications has been in tracing pollution of wells (24-26). 
Total hardness of a ·ground water reflects the nature 
of the geologic formations in which it has been in contact. 
Hardness is caused by divalent metallic ions such as calcium, 
magnes·iurn, strontium, ferrous iron, . and manganous ions. 
With percolating water the insoluble carbonates and 
associated metallic ions in the refuse are converted to 
soluble bicarbonates and thereby increase the hardness of 
the water (24-235) . 
Alkalinity is attributed to the presence of salts of 
weak acids. There are three forms of alkalinity which 
include: hydroxide, carbonate, .. and bicarbonate . alkalinity. 
A change ih concentration of any one member o� the system 
will cause a shift in _equilibrium, alter the concentration 
of the other ions, and result in a change of pH. Conversely, 
a change in pH will shift the relationships (24-244 ) . 
Total hardness, alkalinity, and pH data were collected 
to investigate the influence of the pond and trench on 
ground water quality. Al  though the_se parameters are not 
reliable indicators of pollution, they provide a method of 
relating the water quality changes to photosynthetic 
activity of algae and aquatic plant life in the surface 
waters. 
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All analytical procedures were based on those presented 
in the 12th edition of Standard Methods for Examination of 
Water and Waste Water (29). The chlorides and total hard­
ness analyses were volumetric titrations in which standard 
reagents from Hach Chemic.al Company (30) were utilized. 
The chlorides determinations were conducted using the 
Mercuric Nitrate method and the total hardness of the 
samples was found by using the EDTA method. Alkalinity, 
also a volumetric titration, was determined by utilizing 
standard sulfuric acid titrant with the end-point being 
measured electrometrically. The specific conductance was 
measured with an Industrial Instruments conductivity bridge 
at 25°c .  A Fisher Accurnent Model 210 instrument was 
utilized for the measurement of pH. 
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PRESENTATION AND DISCUSSION OF DATA 
Ground Water Flow 
The ground water contour map, Figure 5 ,  portrays the 
elevation of the subsurface water in the vicinity of the 
Brookings landfill and indicates the amount of headless 
which occurs as the ground water flows through the area. 
The ground water flow is ·perpendicular to the contour lines 
and is generally in a southwesterly direction. However, 
the trench, pond, and south pond exert an influence on the 
subsurface flow and cause the direction of flow to change 
to a southerly course. Once the ground water leaves the 
area where the surface waters modify the flow pattern, the 
ground water movement nearly parallels its original flow 
path . 
As the subsurface flow moves through the disposal area 
east of the pond, it is intercepted by both the pond and 
the trench with the majority of the ground water being 
attracted -to the trench because of its location· . It may 
be noted that the pond intercepts only water which has 
passed through the disposal area, whereas the trench 
receives both native ground water from the northeast and 
ground water from the disposal area. However, the ground 
water from the refuse disposal area located west of the 
pond is not intercepted by the surface waters in the area . 
JU� I I, 1968 
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From Figure 5 it may be denoted that the ground water 
flow into the trench occurred through the distance from the 
east end of the trench to about well 5. There is little, 
if any, difference between the surface elevation of the 
pond and trench which indicates that flow does not occur 
between them. 
There was a loss of elevation between the trench and 
south pond which was indicative of flow moving from the 
trench toward the south pond. Indications were that the 
ground water also leaves the trench from the west end and 
apparently flows northwesterly but it eventually flows to 
the southwest again. 
The contour map depicts the elevation of the ground 
water surface as of June 11, 1968. However, the water 
table fluctuates and this fluctuation is attributed to 
the percolation of rainfall inasmuch as large wells where 
withdrawal might occur and other sources of aquifer 
disturbance do not exist. 
Figure 6 - portrays the immediate variations· in the 
elevation, as influenced by rainfall, of the phreatic 
surface measured at well 31 during the period from April 
1 thru June 10, 1968. At each period of precipitation 
there was an almost immediate, within one or two days, 
increase in the subsurface water elevation. The immediate 
change implies a rapid percolation _ rate in the area of the 
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landfill. This rapid percolation was as expected because 
the ground water is only seven to eight feet below the 
land surface and the soil is a highly permeable sand and 
gravel. 
Changes of Ground Water Quality within the Trench and Pond 
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Inasmuch as native ground water and degraded water 
flow into the trench, the degraded water should be improved 
by dilution. This was borne out during the study period 
in that the chlorides of the trench water remained relatively 
constant in concentration and low in magnitude. The data as 
presented in Table 1 revealed that the chlorides in wells 
4, 15, 5, 31, and the pond, which all represent the water 
quality in the area of the fill, were of greater magnitude 
than that in the trench and varied considerably throughout 
the inves·tigation. This should indicate, at least in par·t, 
that dilution played a role in improving the quality of the 
water received by ·the trench from the adjacent fill site. 
Figure 7. illustrates the. change in chloride concentra- _ 
tion in the trench 8.!ld pond _as related to the spring thaw 
and the occurrence of rainfall. The melting of the two or 
three feet of ice cover during the spring thaw diluted the 
chlorides in the pond markedly, whereas in the trench only 
a slight decrease in chloride _content was noted. Also it 
was noted that the chloride content of the pond after each 
period of precipitation .generally decreased in concentration 
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Table 1. The location means and ranges of chloride 
concentration at specific locations , Brookings land­
fil l , December 1967 to June 1968. 
Well 
Location 
North of Trench 
9 
4 
35 
14 
15 
5 
31 
Pond 
'l1rench 
South o.f Trench 
22 
27 
29 
32 
. 53 
-- - -- - - - -- -· -◄ -· 
Mean Chloride 
Concentration 
(mg/1) 
7. 7 
7. 8 
10. 9 
76. 7 
120. 5 
72. 7 
26 . 8  
127 . 7  
18 . 8  
36. 3 
34 .--5 
6 . 8  
68. 1 
2j . 5 
--·- - ------- --- -- -•-- -
Range of Chloride 
Concentration 
(mg/1) 
6. 0 - 9. 5 
5. 3 - 11. 8 
9. 5 - 13. 5 
26. 5 - 178. 8 
88. 6 - 158. 0 
32. 0 - 123. 3 
22. 5 - 33 . 1 
69. 0 - 225 . 0 
16. 3 - 22. 8 
32. 0 - 44 . 5  
30. 0 - 39 . 5  
5. 6  - 9. 5 
45. 0  - 94. 6 
2 1 . B  25 . 3 
--·-
225 
200 
175 
rl 150 
� s .. 125 
r,) 
(1) 
'O 
·rl 
� 100 0 
rl 
� 
0 
75 j 
50 -I 
25 J 
o ' I 
bO 
Trench � � 
·rl 
Cl) 
0 
December I January I February 
Rainfall, inches 
r- - - - - - - 7  
I C\J C\J � t'- ro 
rl 
I..(\ . 
..--4 
t-- t-- rl I..(\ t<\ . . . . . 
0 C\J O O C\J 
. 
0 � I � 0 0 .  
� 
rl . 
0 
Figure 7 .  Chloride concentrations in the trench and pond during 
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while this was not noted in the trench . The variability of 
the chloride concentration in the pond and the relatively 
constant chloride concentration in the trench suggest that, 
for dilutional purposes, the trench receives large quantities 
of native ground water and is not influenced to the extent 
that the pond is influenced by ice-melt, rainfall, and 
run-off . 
The constant chloride content in the trench may be 
attributed to its depth as compared to the shallow pond, 
its large volume, and its location with respect to ground 
water . flow . The.trench with a relatively small surface 
area has a larger volume than the pond . Therefore, the 
trench may not receive large enough quantities of precipi­
tation for dilution to affect the water quality . However, 
the trench does intercept large quantities of native 
ground water which may account f.or the low concentration 
of chloride and the constant chloride content . 
After mid-May it was observed that the ch_loride content 
in the pond began to rise even when rainfall · occurred . This 
may indicate that the . intercepted ground water from the 
adjacent fill had increased in chloride concentration as a 
result of leaching to the point where this intercepted 
leachate overrode the dilutional effect of rainfall. The 
water table may also have incr·eased in elevation to the 
point where some of the refuse in the fill was actually in 
the ground water , therefore resulting in the increased 
leaching. 
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In addition to the dilutional phenomenon afforded by 
the trench and pond, the intercepted ground water may be 
improved in quality by algal growths and/or aquatic plant 
life in the bodies of open water. Figures 8 and 9 are plots 
of the relationships among pH, alkalinity, and total hard­
ness in the pond and trench, respectively, during the 
investigation period. 
Soon after the spring thaw on March 18th the pH of the 
pond water began to increase and the alkalinity and total 
hardness began to decrease in concentration. The immediate 
increase in pH may be attributed to the release of carbon 
dioxide which may have been trapped beneath the ice cover. 
This occurrence of carbon dioxide release would also in­
fluence the alkalinity and the total hardness because a 
change in equilibrium of the carbon dioxide-alkalinity 
system wil l  alter the concentration of the ions which com­
prise the system. 
After the initial increase in pH of the pond water, it 
may be noted that the pH increased until the end of the 
study period and was well above 8. 3. This high pH indicates 
that free carbon dioxide had been removed from the water 
and algal and/or aquatic plant growths abstracted carbon 
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dioxide from the bicarbonates. This abstraction of carbon 
dioxide from the bicarbonates forms carbonate ions which 
are relatively insoluble when in combination with divalent 
metallic ions. The result is that divalent ions which 
cause hardness and carbonate ions which cause alkalinity 
are precipitated from the solution. 
It may be noted in Figure 9 that the trench had a sim­
ilar increase in pH after the spring thaw. However, the pH 
then began to decrease until April before it started to in­
crease. The low pH of the trench water may indicate that 
the trench was receiving native ground water that supplied 
the algal and/or aquatic plant growths with free carbon 
dioxide. After the spring thaw, there was a continual re­
duction in total hardness and alkalinity in the trench 
which was similar to that of the pond water. This may be 
indicative of the influence of photosynthetic activity, 
however, pH values did not raise to levels above 8. 3. 
As indicated in Figures 8·and 9, both the_ pond and 
trench had significant reductions in alkalinity· and total 
hardness with the rat� of this occurrence being faster in 
the pond than in the trench. The rate difference may be 
due to the pond ' s  small volume and established algal grow
.
th. 
However, the hardness and alkalinity in both the pond and 
trench were reduced to concentrations below that of native 
ground water. 
The mean concentrations of the selected chemical 
parameters at the sampling locations are represented in 
Table 2 .  These data give an indication of the quality 
of the ground water at each location during the study 
period . 
The mean specific conductance value (Table 2) indi­
cates that the pond had a comparatively high ionic con­
centration . It may be observed that the mean ionic 
concentration in the pond was only exceeded by that in 
well 5 which is located in the immediate fill area. The 
mean concentration of chlorides also reflects that the 
pond water was degraded with contaminants derived from 
the landfill . Even the means of alkalinity and total 
hardness, which were greatly reduced during the period 
after the spring thaw by the photosynthetic activity of 
algae and/or plant life in the pond, reflect the degraded 
condition of the pond because the mean values for these 
parameters were relatively high . 
The high. ionic concentration persisted during most of 
the study period · and- may be due to the pond's location 
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in the fill area. Ground water flow is laminar and the 
contaminants upon being leached from the refuse will travel 
in the upper layers of the subsurface water before being 
dispersed as distance of trave-1 increases. Because the 
pond is located directly adjacent to the refuse fill and 
Table 2 .  Means of parameters at sampling locations at 
the Brookings landfill, December 196'7 to June 1968 . 
Well Specific Total 
Location Conductance Chlorides Alkalinity Hardness 
(Micromhos (mg/1) (mg/1) (mg/1 )  
at 25°c) 
North of Trench 
9 628 . 1 - '7 . 72 226 . 5  326 . 9  
4 632 . 6  7 . 78 333 . 0  
35 693 . 1  10 . 81 260 . 6  370 . 4  
14 996 . 4  76 . 73 283 . 4  354 . 6  
15 1035 . 0  120 . 48 241 . 6  391. 6 
5 1 141 . 3  72 . 74 399 . 2  524 . 5  
31 870 . 0  26 . 77 350 . 4  452 . 6  
Pond 1093. 1 127 . 69 267 . 7  396 . 5  
Trench 718 . 8  18 . 75 248 . 7 358 . 4  
South of' Trench 
22 694 . 8  36 . 28 322 . 2  
32 766 . 3  68 . 10 21 1· . 2 3 12 . 6  
27 743 .·s 34 . 47 245 . 5  354 . 1 
33 696. 3 23 . 53 252 . 6  337 . 8  
29 646 . 9  6 . 81 227 . 2  334 . 3  
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is relatively shallow, the pond may only intercept those 
top conta�inated layers of ground water, with a resulting 
increase in ionic content of the pond water. Also, debris 
and ashes were noted to be floating in the pond water which 
may contribute to the high ionic concentrations found. 
The trench did not exhibit the ionic content of the 
magnitude found in the pond even though the trench inter­
cepts degraded ground water from the adjacent fill area. 
In addition to the interception of the highly contaminated 
layers of ground water, the trench also intercepts native 
ground water which affords quantities of dilution water. 
Therefore, the ionic concentrations in the trench remained 
lower in magnitude than those found in the pond. 
Ground Water Quality Variation 
The mean specific conductance (Table 2) of wells 14,. 
15, 31, 5, and 35 reflect the degradation of water quality 
north of the trench due to the leaching of buried refuse. 
If compar�d to the native gro:unct water at well. _9, it may 
be seen that the ionic content is increased substantially 
in the fill area. It may alsq be noted . that the mean con­
centrations of chlorides, alkalinity, and total hardness 
are increased in the fill -area. After some modification 
the degraded condition of the ground water quality is re­
flected south of the trench by the mean concentrations of 
the selected parameters at wells 22, 32, 27, and 3 3. 
While the trench has provided some improvement in the 
quality of the ground water, Table 2 indicates that the 
quality of water south of the trench is degraded below 
that of the native water. 
Figure 10  is a representation of the long term varia­
tion in chloride content and ground water elevation at 
well 5 .  The variation in chloride content may portray 
the ground water degradation that has occurred at well 5 
since the landfill was initiated in 1960. It may be ob­
served that the ground water quality was generally deteri­
orating until about the middle of 1966 when ground water 
quality began to show a trend of improvement. 
The improvement of the water quality at well 5 may be 
attributed to one or two phenomena. The first possibility 
is that the water table during the period from June 1966 
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to June 1967 was at the lowest elevation since data were 
collected . Consequently, during this 12 month period the 
ground water may have fallen below the refuse in the fill 
and the rate of leaching, which is dependent -upon moisture 
content, may have decreased. • However, the rate of leaching 
may have decreased because of the lack of percolating pre­
cipitation. 
The second possibility may be that the readily leach­
able materials had been depleted, thereby, slowing the rate 
at which leaching occurs. However , it may be noted that 
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Figure 10 . Long-term variation of chlorides and ground water elevation at well  5 ,  
Brookings· landfill, 1960 thru 1968. .f:.­
(X) 
as the water table elevation began to rise in June 1967 so 
did the chloride concentration indicating that the soluble 
materials were still present in the refuse. 
It may also be noted from Figure 10 that the chloride 
concentration follows much the same pattern as the grol.Uld 
water elevation. The variation in ground water elevation 
was seen to vary over a period of wet and dry years. As 
an example, a greater than normal amount of precipitation 
(32 inches) fell during 1963 with a resulting high ground 
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water table and the next year only 19 inches of rain fell 
which . resulted in a lowering of the phreatic surface (2-52 ).  
It can be seen from 1964 to the present a period of dry 
years is being experienced and water storage is generally 
decreasing. Because the ground water elevation is influ­
enced by precipitation and the chloride content is seen to 
follow much the same pattern as ·the ground water elevation 
in Figure 10, it may be implied that the degradation of 
water quality from a refuse fi.11 is dependent . upon precipi­
tation. 
Seasonal variations in -water elevation may also be 
observed in Figure 10, with higher elevations occurring in 
the summer months of June and July and the lower elevations 
occurring during the winter months of January and February. 
These seasonal variations in ground water elevation corre­
late with the precipitation in thi_s part of the United 
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States. Even though the chloride content at well 5 follows 
the general pattern of the water elevation, it does not cor­
relate exactly with the seasonal variations in water eleva­
tion. 
The lack of control of the landfill operation in the 
placement of refuse hinders the evaluation of the water 
quality changes. The exact d�pth and location of the refuse 
are not known and therefore, it is nearly impossible to de­
termine the exact cause of the water quality change. The 
rate of leaching is dependent upon the rate of decomposition, 
the moisture conditions in the refuse, and the distance of 
the phreatic surface from the buried refuse ( 7-105) . Rapid 
leaching occurs from freshly deposited refuse until the 
readily available salts are leached and then the rate of 
leaching slows, and after a very long period of time the 
process is essentially completed· ( 8-33). Therefore, if the 
date, location, and depth of the deposited refuse were known, 
the cause for the changes in water quality could be more 
easily evaluated � 
The trench and pond have a beneficial effect on the 
ground water they intercept. Dilution and photosynthetic 
activity of algae and/or aquatic plant life in the surface 
waters are the major sources of the beneficial effects . 
These changes in water quality attributed to the trench and 
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pond have been observed to modify the quality of the ground 
water in the wells at the southwest edge of the Brookings 
landfill. 
The changes in water quality in wells 27, 32, and 33 
which are located at the southwest edge of the landfill site 
are depicted in Figures 11, 12, and 13 and these changes are 
compared to the control well 9 .  After sufficient time had 
elapsed for the influence of the trench to be reflected in 
the water quality, a continual decrease in the selected 
parame.ters at those wells south of the trench was noted. 
Figure 11 indicates the ground water quality at well 
27 before and after the trench construction in December 
1966. Before the trench was constructed, the concentrations 
of total hardness and chlorides and the values for specific 
conductance were substantially higher than those of the 
native ground water, but as time· elapsed, after the trench 
construction, the ground water in this vicinity began to 
improve. 
Since ear 1y · 1968, the tot.al hardness of ·wells 32 and 
33 may be seen (Figures 12 and 13) to have decreased in mag­
nitude to a concentration less than the hardness of the 
native ground water in the area. In addition, the .total 
hardness of well 27 (Figure 11) has been nearly equal to the 
hardness of the control well since February 1968. Th�refore, 
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the change in total hardness of the ground water leaving 
the disposal site may exhibit the beneficial influence of 
the trench. 
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The chlorides content of the ground water at the south­
west edge of the Brookings landfill  il lustrates the dilution­
al effect of the trench. There has been a decrease in chlo­
rides since the trench was copstructed. The decrease in 
chloride content can only be attributed to dilution because 
chlorides are not adsorbed to soil particles nor are they 
precipitated as a result of biological activity. However, 
the decrease in chloride content of the ground water at 
these locations was much less in magnitude than the hard­
ness reductions. Therefore, it may be implied that while 
some dilution is being afforded by the trench, the major 
cause of quality change was attributable to the photosyn­
thetic activity in the trench. 
The specific conductance, which is indicative of the 
total ionic content in the ground water, is se.en to have 
decreased substantial ly since the construction of the 
trench at wel ls 27, 32, and 33. Inasmuch as the specific 
conductance is an indication of the total ionic content, 
it may represent the typic_al trend of the water quality 
changes which have occurred before and after the trench was 
constructed in 1966 . 
Well 22 which is also located in southwest corner of 
the Brookings landfill may not be directly influenced by 
the water quality changes in the trench. It may be seen 
in Figure 14 that both the specific conductance and chlo­
ride content have had a slight increase since 1966. It is 
shown that the hardness at well 22 did not begin to decrease 
until a year after the trencn construction even though the 
hardness has been lower than the control since 1968. Inas­
much as the water quality at well 22 does not appear to be 
influenced by the trench, it may indicate that the trench 
should be extended further to the northwest so it will 
intercept the ground water from all the disposal sites. 
Isoconcentrational maps of the means of the chlorides, 
specific conductance, and total hardness are shown in 
Figures �5, 16 and 17, respectively. These maps, con­
structed by connecting points of equal concentration, il­
lustrate the location and overall pattern of the degraded 
water derived from· the landfill. 
The _ map of the mean chloride concentrat"ion, Figure 15, 
illustrates the location of . degraded water at the Brookings 
landfill. As can be seen, the highest chloride content was 
found to be in the immedi�te disposal area . These concen­
trations are then dispersed in a southwest direction which 
may denote that the contaminants move in the direction of 
ground water. However, if the trench were extended further 
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to the northwest, additional reductions in chloride content 
could possibly be experienced. 
Figure 16 portrays the influence of the trench and pond 
on hardness reductions. The hardness of the ground water is 
apparently attenuated in the trench before the subsurface 
water moves from the active fill site. The isoconcentra­
tional map of mean specific conductance also illustrates 
the reductions which occur because of the influence exerted 
by the surface waters. As shown in Figure 17, the total 
ionic content of the ground water is materially reduced in 
the area south of the trench and pond. 
Figure 18 presents the isoconcentrational maps of the 
mean specific conductance and total hardness of the ground 
water at the disposal site during the period from October 
1965 to June 1966. If compared to Figures 16 and 17 the 
influence of the trench on ground water quality becomes 
evident. It may be observed that during the 1967 -68 in­
vestigation the mean concentrations of specifi_c conductance · 
and total - hardness south of the trench are greatly reduced 
from those in the 1965-66 investigation � It may be seen 
that mean total hardness of the ground water was only 350 
mg/1 in the area protected by the trench and pond as com� 
pared to 500 �g/1 in the same area during the previous study. 
Also it may be noted that specific conductance of the ground 
. 
water leaving the fill area in the 1965-66 investigation was 
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Figure 18 . I s o c oncen trati onal l_ines of mean s pe c if i c  c on ­
duc tanc e  and total hardne s s  of the ground water at  the 
Brookings refus e d i s pos_al area ,  O c t ober 1 965 - June 1 966 . 
as high as 1000 micromhos per cm as compared to about 700 
micromhos per cm in this study. 
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Generally, as seen from Figures 15, 16, and 17, the 
contaminants move in the direction of the ground water which 
also flow in a southwesterly direction. In addition, the 
trench and pond afford an effective treatment to the de­
graded ground water derived from the refuse disposal area. 
Weekly Variation in Water Quality 
During the spring of 1968, weekly samples were col­
lected from wells 5, 15, 32, the trench, and the pond; and 
the samples were analyzed for chloride, specific conductance, 
and total hardness. The weekly sampling was conducted from 
March 23 thru May 25, 1968 to evaluate whether or not weekly 
variation in ground water quality would yield enough infor­
mation beyond that obtained fro� monthly sampling to warrant 
the more frequent sample collection. The results of the 
analyses of weekly samples are_ presented in Appendix c .  
Alkalinity, pH, and total hardness data presented in Figure� 
8 and 9 reveal the variation in the pond and trench on a 
weekly basis. 
It was found that some variations oc curred ·which were 
detected in weekly analyses that were not apparent from the 
monthly sample analyses . However, it was established that 
monthly samples taken during this investigation were . suf­
ficient to illustrate the overall. ground water quality 
changes at the refuse disposal site and to reflect the in­
fluence of the pond and trench on the subsurface water 
quality . 
Statistical Analysis 
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An analysis of variance was conducted on the data 
collected . The parameters selected for this analysis were 
chlorides, specific cond�ctance, total hardness, and alka­
linity . Appendix D shows the differences between locations, 
dates, and the date by location interaction to be highly 
significant. 
SUMMARY AND CONCLUSIONS 
The research results presented herein provide infor­
mation regarding the flow characteristics of the ground 
water at the Brookings landfill. The movement of the 
ground water contaminants was found to closely follow the 
same pattern as the subsurface water. The ground water 
elevations were observed and found to fluctuate with years 
of high and low precipitation, with various seasons, and 
with individual rainstorms. 
The influence of the trench on ground water flow and 
on the quality of the subsurface water was determined. The 
trench and other surface waters altered the flow by attract­
ing ground water to them. After moving through the trench, 
the ground water appeared to assume its original direction 
of flow. It was shown that the quality of the subsurface 
water in the immediate refuse disposal area was high in 
chemical constituents that were leached from the refuse in 
the fill ; and after modification by the trench, the ground­
water quality exhibited an improvement. 
The results of this investigation indicate the follow­
ing conclusions regarding the Brookings landfill : 
1. The ground water flows in a southwesterly direction 
and the direction of flow is ·altered by the trench, pond, 
and south pond. Upon leaving the . area of influence of the 
open water surfaces, the subsurface flow assumes its 
original direction of flow. 
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2 .  The trench and pond beneficially affect the ground 
water quality. The beneficial effect is caused by dilution 
and photosynthetic activity of algae and/or aquatic plant 
life in the surface waters of the trench and pond. The 
trench is more effective than the pond because of its 
dilutional characteristi•cs and location. 
3. It appears that if the trench were extended further 
to the northwest, the ground water from all disposal sites 
would be intercepted. 
4. For areas which have similar hydrogeological 
characteristics as the Brookings landfill, a general con­
clusion can be made that a deep trench intersecting the 
ground water table may be used to effectively treat the 
degraded water emanating from a · refuse landfill. 
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AREAS OF FUTURE STUDY 
Based on the results of this study and the results of 
previous investigations at the . Brookings landfill recommen­
dations for future investigations may be made . A few of 
the possible projects that may be undertaken are presented 
below. 
1. A study could be made of the water quality changes 
after extending the trench to the northwest so that it would 
intercept the ground water from all the fill sites and the 
pond . . 
2. A more detailed study of the effects of precipita­
tion and spring thaw could be initiated. This may be ac­
complished by sampling selected locations daily or even 
hourly during and after these periods . 
3 .  A study of the permeabi.li ty of the aquifer be low· 
the landfill would allow better interpretation of the ground 
water flow, ground water quali�y variations, and the quantity 
of leached ions. 
4 .  �n overall evaluation should be made of the 
Brookings landfill using all the data collected since 1960 . 
1 . 
2 .  
3. 
4. 
5. 
6. 
8.  
9 . 
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APPENDIX A 
Ground Water Table Elevations 
Water Table Elevations At Sampling Locations 
1500 � Tabular Value 
(feet) 
s:: c- t- co co co co co 
\0 \0 \0 \0 \0 \0 \0 
·r-i I ' I  I I I I I I 
rl 0\ r<'\ I.("'\ r<'\ c- 11"1 rl 
rl rl (\J (\J (\J (\J (\J rl 
I . I I I I I I I 
rl (\J rl (\J r<'\ ..:::t I.("'\ 
rl rl 
3 91.07 90. 67 90. 57 90. 32 90. 74 91. 12 91. 32 
4 90. 56 . 90.25 90. 20 90.12 90. 45 90. 71  90. 72 
5 90.29 90. 12 90. 06 89. 88 89. 86 90. 44. 90. 38 90. 52 
8 90. 77 91 . 56 . 91. 38 91.23 92. 10 90. 63 90. 73 
9 90. 94 91. 54 91. 44 91.27 91. 16 91. 45 91. 85 91. 98 
14 90. 53 90. 39 90. 36 90. 15 90. 14 90. 81 90. 55 90. 76 
15 . 90 .24 90.06 89. 93 89. 74 89. 78 90. 43 90. 28 90. 42 
17 90. 35 90. 18 90.00 90.01 90. 40 90. 51 
20 89. 93 89 .. 82 89. 63 89. 51 90 . 33 90. 11 90. 19 
22 88. 76 88. 82 87. 62 88. 61 88. 45 89.27 89.38 89.38 
24 89. 11 88 . 97 98 . 80 88. 67 89. 46 89. 53 89 . 54 
25 90. 88 90. 72 90. 54 90.38 91.20 90. 54 90. 82 
26 89. 43 8�. 45 89.26 89. 22 90.51 89. 80 89. 77 
Water Table Elevations (continued) 
1500 + Tabular Value 
(feet) 
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Water Table Elevations (continued) 
1500 + Tabular Value 
(feet) 
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(\J r-f (\J f'C\ ..:::t 
r-f 
89 . 06 88 . 91 88 . 56 89 . 35 
89 . 47 89 . 36 89 . 02 89 . 59 
90 . 05 89 . 89 89 . 62 90 . 12· 
89 . 90 89 . 76 89 . 49 90 . 07 
90 . 22 90 . 04 90 . 23 89 . 83 90 . 37 
90 . 31 90 . 08 89 . 89 90 . 62 
89 . 84 
CX) 
\0 
I 
I.I'\ 
(\J 
I 
I.I'\ 
89 . 65 
90 . 04 
90 . 57 
90 . 36 
90 . 32 
90 . 37 
89 . 97 
CX) 
\0 
I 
r-f 
r-f 
I 
\0 
89 . 77 
90 . 11 
90 . 72 
90 . 40 
90 . 55 
90 . 56 
90 . 12 
-l 
+=" 
75 
APPENDIX B 
Ground Water Quality Data 
Means of Chlorides 
{mg/1) 
s:: 
s:: t- t- CX) CX) CX) CX) CX) CX) 0 
0 \0 \0 \0 \0 \0 \0 \0 \0 •r-f 
•r-f I I I I I I I I 
r-1 0\ .  I'<\ Lf'\ I'<\ t- Lf'\ r-1 � � cd r-1 r-f C\I C\I C\I (\J (\J 
I I I I I I I I 0 Q) 
r-1 C\I r-f C\I I'<\ -=t Lf'\ \0 H �  
H r-1 r-1 
4 - . 5 .. 5 5 . 3  5 . 5  6 . o  10 . 3  11. 8 11. 5 7. 8 
5 123 . 3 56 .0  96 . 8  107 . 3  100 . 3  33 . 5  32 . 8  32.0 72. 7 
9 6 . o  6 . 8  7 . 8  7.0  7. 6 8. o 9. 5 9 . 0 7 . 7  
14 26 �5  69. 8 38 . 0  35 .0  34 . 5  176 . 8  - 160 . 0  76 . 7 
15 88 . 6  · 96 . 9  91 . 8  100 . 0  127 . 0  158 . 0  156.5 145 . 0  120 . 5  
22 - 44 .5  35. 5 32 .0  34 . 8  33 . 8  37 . 3 37 . 5  36 . 3  
27 39 . 5  37 . 0  34 . 5  31 . 0  30 .0  32.0 36.3 35. 5 34 . 5  
29 - 5 .0 5 . 5 6 . 5  6 . 5  8 . 5  9 . 5  7 . 5  6 . 8  
31 25. 0 33 . 1  30 . 5  29 . 8  24 . 5  25 . 5  23 . 5  22. 5 26. 8 
32 94 . 6  79 . 8  . 69 . 5  63 . 4  55 .0 45 . 0  58 . 8  78 . 8  68 . 1  
33 23 . . 8 25.0 23 . 0  22 . 0  21 . 8  23 . 0  25 . 3 24 . 5  23 . 5  
35 9 .9  9 . 5  9 . 8  9 . 8  10 . 0  11.0  13 . 5  13. 0 10 . 8  
Chlorides ( continued) 
(mg/1) 
� t- t- a:) a:) a:) a:) a:) 
� 
a:) 0 
0 \.0 \.0 \.0 \.0 \.0 \.0 \.0 \.0 ·r-t ·r-t I I I I I I I I .µ 
.µ rl O\ '  r<\ Lf\ r<\ t- Lf\ rl <U � cd rl rl C\J C\J C\J C\J C\J rl C) cd 
C) I I I I I I I I 0 Q) 
0 rl C\J rl C\J r<\ .:::t Lf\ \.0 H � ....:t rl rl 
Trench 16 . 3  17 . 6  19 .. 0 19 . 0  14 . 5  19. 8 22 . 8  21. 0  18 . 8  
Pond 119 . 8 139·. o  202 . 0  225 .0 99 .0  69 . 0  80 . 3  87 . 5  127 . 7  
· nate 
Mean 44 . 3  44 . 7  47 . 8  49 . 5  40 . 8  46 . 7  42 . 2  48 . 9  
Means of Specific Conductance 
(micromhos at 25°c) 
§ 
ro t- co co co co ro 
\..0 \..0 \0 \..0 \..0 \O " \0 \0 ·r-1 
·rl I I I I I I I I .µ co 
.µ ,--4 0\ r<\ I.[\ t<\ t- I.[\ r-f � �  cd rl r-f ' (\J C\J (\J (\J (\J 
I I I I I I I I 0 <l) 
rl C\l rl C\l t<\ ..:::t I.[\ \.0 i-:1 � H rl r-f 
4 - 590 590 580 610 · 680 630 710 632 . 6  
5 1380 1080 · 1175 1365 1320 940 940 940 1141 . 3  
-9 552 628 .618 650 648 650 650 650 628 . 1 
14 1233 1040 805 841 805 1220 - 1080 996 . 4  
15 935 925 93-8 945 1050 1265 1145' 1080 1035 . 0  
22 . - 825 671 676 661 670 670 760 694 . 8  
27 795 795 703 715 710 7 15 753 780 743 . 8  
29 - 600 624 598 629 695 7 10 660 646 . 9 
31 883 955 815 895 860 848 855 860 870 . 0  
32 855 830 - ·785 750 7 10 693 728 790 766 . 3  
33 705 650 655 705 705 715 728 720 696 . 3  
35 667 685 658 716 695 713 7 10 720 693 . 1 
i::: t- t-
0 I..O I..O ·n I I 
.µ rl CJ\ 
(tl rl rl 
C) I I 
0 rl (\J 
rl rl 
Trench 785 838 . 
Pond 1025 1255 
Date 
· Mean 849 . 6  834.3 
Specific Conductance (continued ) 
CX) CX) ro 00 
I..O I..O I..O \0 
I I I I 
r<\ L.f\ r<\ t-
(\J PJ (\J (\J 
I I I I 
rl (\J r<\ -.::l" 
810 845 675 628 
1600 1870 840 700 
- s14 . 5  865 . 4  778 . 6 793 . 2 
co co 
I..O I..O 
I I 
L!"\ rl 
(\J rl 
I I 
L!"\ I..O 
600 590 
738 720 
770.8  782 . 9 
s:: 
0 •n 
.µ ti) 
� § 
0 Q) 
H � 
718 . 8  
1093. 1  
-;:J '° 
Means of Total Hardness 
(mg/1) 
I:'-- I:'-- OJ OJ OJ OJ OJ OJ 
\0 \0 \.0 \.0 \.0 \0 \0 ·rl •n I I I . I I I I I 
rl 0\ t<"\ l!'\ t<"\ t- I.[\ rl � §  (d rl r-1 C\J C\J C\J C\J C\J 
I I I I I I I I 0 (l) 
r-1 C\J rl C\J t<"\ .::t l!'\ \0 1-1 � 
r-1 r-1 
4 , - 320 298_ 300 309 
. 362 349 357 333 . 0 
5 696 513· 552 561 565 421 447 442 524 . 5 
· 9 300 318 - 338 333 332 335 3-?0 330 326. 9  
14 460 376 332 322 317 439 - 262 354. 6 
358 15 352 346 358 406 492 429 392 391 . 6  
22 · - 366 337 317 301 300 296 303 322. 2 
27 393 362 364 344 342 322 346 360 354 . 1 
29 - 307 317 318 319 357 365 321 334. 3 
31 502 475 462 458 442 424 430 428 452. 6 
32 396 340 . 322 306 284 264 276 313 312 . 6  
33 338 338 341 338 335 338 336 338 337. 8  
35 398 371 378 375 362 362 356 362 370. 4 
s:: t- t-
0 \0 \0 .,... I I 
..-◄ 0\ 
QS r-1 ..-◄ 
I I 
0 ..-◄ C\J 
H ..-◄ ..-◄ 
Trench 394 407 
Pond 348 42,2· 
· nate 
Mean 432 .3 376. 6  
Total Hardness ( continued ) 
(mg/1 ) 
co co co (X) 
\0 \0 \0 \0 
I I I I "' ' l.('\ "' t-
C\J C\J C\J C\J 
I I I I 
..-◄ C\J "' .:;S-
445. 431 339 3o4 
650 718 306 250 
391 . 6  391 .4  354 . 2  354 . 9 
co 
\0 
I 
l.(\ 
C\J 
I 
l.(\ 
278 
251 
344 . 1  
CX) 
\0 
I ,.... 
I 
\0 
268 
227 
335 . 9 
s:: 
0 
-rl 
� �  
0 Q) 
...:I � 
358 .4  
396 . 5  
(X) 
t,-J 
t- t- co 
0 \D \D \D 
·rf I I I 
M °' I'(\ 
M M (\J 
C) I I I 
0 M (\J M 
M M 
5 - - 7.58 
9 - - 7. 95 
14 - - 7.81 
15 - - 7.69 
27 - - 7.69 
29 - - 7. 77 
31 - - 7. 53 
32 - - 7. 93 
33 - - 7.66 
.35 - - 7 . 88 
r rench - - 7. 68 
Pond - - 8 . 01 
Means of pH 
co co CX) 
\0 \0 _ \D 
I I I 
I.!'\ I'(\ t-
(\J (\J (\J 
. I I I 
(\J I'(\ .:::t 
7. 19 7.25 7 . 39 
7.50 7.46 7. 43 
7 . 67 '7 .80 7 .70 
7.63 7 . 60 7 . 59 
7.51 7 . 45 7 . 46 
1 . 61 7 . 50 7 . 53 
7. 20 7 . 24 7 . 43 
7.50 7.63 7 . 53 
7.45 7. 35 7 . 40 
7. 54 7 . 39 7 . 54 
7. 38 8 . 71 7. 95 
7.90 8.05 8 . 35 
CX) 
\D 
I 
l.[\ 
(\J 
I 
I.!'\ 
7.34 
7.49 
-
7. 58 
7.59 
7. 61 
7.46 
7. 62 
7. 54 
7.66 
8.10  
8 . 81 
co 
\D 
I 
M 
M 
I 
\D 
7.80 
8.00 
7.93 
7.90 
7.97 
7 . 96 
8 . 15 
8.13 
7 . 98 
8 . 05 
8 . 25 
9 . 00 
0 
·rf 
cd s:: 
C) cd 
0 (l) 
H �  
7. 42 
7.63 
7.78 
7.66 
7. 61 
7.66 
7. 58 
7.72 
7.56 
7. 67 
8 . 01 
8 . 35 
(X) 
(\) 
Means of Alkalinity 
(mg/1) 
� � t- t- CX) CX) CX) <X) CX) CX) 0 0 \0 \.0 \0 \0 \0 \.0 \0 \.0 ·r-i 
·rl I I I I I I I I 
rl 0\ r<\ · tn r<\ t- L{\ rl m �  
rl rl (\J (\J (\J (\J (\J rl o m  
I I I I I I I I 0 <l) 
rl (\J rl (\J r<\ ..:::t tn \0 H � rl rl 
5 - - 421. 0 434. o 416 . 0  · 381 . 0  367 . 0  377 . 5  399. 2 
9 - - 230 . 0  228. 0 224 . o 230. 0 221. 0 226 . 0  226 . 5  
14 - - _ 311. 0 289. 0 283 . 5  281. 5 - 273. 5 283. 4 
15 - - 239.5 228. 0 228. 0 273 . 0  239. 0 242. 0 241. 6 
27 - - 263.5 247. 5 228 . 5  234 . o  242. 0 256. 5 245.5 
29 , - - 228 . 0  223. 0 222 . 0  234.5 240. 0 216 . 0 227. 2 
31 - - 370. 0 359. 5 346 . o  351. 0 332. 5 343.5 350. 4 
32 - - 234 . o  222. 5  204.5 195. 0 195. 5 216. 0 211 . 2 
.33 - - 283. 5 259. 0 228. 0 252. 5 241. 5 245. 0 252. 6 
35 - - · - 276. 0 270. 0 255.5 257. 0 247 . 5  245. 0 260. 0 
Trench - - 350. 0 346. 5 182 . 5  229. 5  195. 5 188. 0 248 . 7  
Pond - - 391. 0 441. 5 272. 0 174. o 170 . 5  157 . 0  267. 7 
Date 
Mean - - 300. 0 295. 7 257. 6 257 . 8  246. 1 250 . 0  
APPENDIX C 
Weekly Sampling Data 
84 
Chloride, specific conductance, and total hardness data 
obtained from weekly and monthly sampling of selected lo­
cations at Brookings landfill, March 23 to June 11, 1968. 
Date 
3-23-68* 
3-30-68 
4- 6-68 
4-12-68 
4-20-68 
4-27-68* 
5- 4 -68 
5-11-68 
5-18-68 
5-25-68* . 
Well 
5 
107. 3 
92. 3 
78. 8 
59. 5 
44. o 
33. 5 
34. 3 
31. 0 
32. 8 
Well 
15  
Well 
32 
Chlorides, (mgl/1 ) 
127. 0 
150. 8 
154. 8 
145. 3 
126. 5 
158. 0 
145. 3  
128. 0 
55. 0 
57 - 5  
57. 5 
52. 3 
51. 5 
45. 0  
45. 3  
44. 3 
58. 8 
Trench 
14. 5 
15. 5 
17. 0 
17. 3 
18 . 3  
19. 8 
20. 0 
20. 0 
22. 8 
Specific Conductance, (micromhos per cm at 25°c ) 
3-23-68* 
3-30-68 
4- 6-68 
4-12-68 
4-20-68 
4 -27-68* 
1365 , 
1390 
115� 
1115 
1010 
940 
1050 
1060 
1 185 
1195 
1100 
1265 
713 
730 
685 
700 
705 
693 
675 
67.8 
615 
628 
650 
628 
Pond 
99. 0 
96. 5 
92. 5 
87. 8 
69. 0 
68. o 
64. 5 
840 
803 
830 
803 
700 
86 
Specific Conductance (continued ) 
5- 4-68 985 1240 695 645 740 
5-11-68 980 1135 700 620 720 
5-18-68 
5-25-68* 940 1145 728 600 720 
Total Hardness, (TI)_gLU 
3-23-68* 56.L 406 284 339 306 
3-30-68 539 468 298 349 
4- 6-68 518 489 284 324 290 
4-12-68 478 463 276 304 287 
4-20-68 441 414 276 316 283 
4-27-68* 421 492 264 301 25_0 
5- 4-68 438 468 262 302 262 
5- 11-68 458 .  428 269 300 271 
5-18-68 
5-25-68* 447 429 276 278 251 
* Date or Monthly Sample 
APPENDIX D 
Analysis of Variance 
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Analysis of Variance for Alkalinity 
Degrees Sum of Mean 
Source of Freedom Squares Square 
Dates 5 66, 291 . 25 1 3, 258. 25** 
Location 11 392, 779. 03 35, 707, 18** 
Date x Loe 54 171 , 273 . 30 3, 171 . 73** 
Error 71 1, 804 . 36 25. 41 
Total 141 632, 147. 95 
** Highly signi.ficant di.fference 
Analysis of Variance .for Chlorides 
Degrees Sum of Mean 
Source o.f Freedom Squares Square 
Dates 7 1, 907. 61 272. 52** 
Location 13 341, 103 . 87 26, 238 . 76** 
Date x Loe 87, 130, 818. 73 1, 503 . 66** 
Error 108 1, 418. 1 1  13 . 13 
Total 215 4 75, 248. 32 
** Highly signi.ficant di.fference 
Analysis of Variance for Specific Conductance 
Degrees Sum of Mean 
Source of Freedom Squares Square 
Dates 7 2 , 319 . 39 331 . 34** 
Location 13 65 , 343 . 95 5 , 026 . 46** 
Date x Loe 87 40 , 886 . 05 469. 96** 
E.rror 108 1 , 506. 05 13. 95 
Total 215  1 10 , 055. 44 
** Highly significant difference 
Analysis of Variance for Total Hardness 
Degrees Sum of Mean 
Source of Freedom Squares Square 
Dates 5 1 16 , 060. 36 16 , 580. 05** 
Location 13 685 , 201. 67 52 , 707 .82** 
Date x Loe 87 , 732 , 373 . 73 8, 418. 09** 
Errol? 108 19 ,880 . 44 184 . 08 
Total 2 15 1 , 553 , 516 . 20 
** Highly significant difference 
